Anesthetics expand cell membranes, and high pressures (about 10-15 MPa) antagonize the anesthetic action. It is also known that inhalation anesthetics expand elastomer membranes. The mechanism of pressure antagonism of anesthetic action on membrane expansion was investigated in the present study with Silastic membranes. Halothane increased the length of Silastic membrane (0.14% per kPa), with an accompanying decrease ofYoung's modulus (3.7 -105 Newton/m2 per kPa). High pressure decreased the length of the membrane and increased Young's modulus. The magnitudes of the pressure effect on the length and Young's modulus of the Silastic membrane in the presence of the anesthetic were not identical with those observed in the absence of the anesthetic. In the presence of halothane at pressures common to clinical applications, the bulk modulus of the membrane decreased about 4.6-4.0%. These results suggest that the effects of pressure and anesthetic upon the elastomer may not be completely independent of each other.
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Inhalation anesthetics are soluble in elastic polymers (elastomers), relax the polymer conformation, and expand the membrane. It is probably justified to state that most lipid-miscible molecules are anesthetics. The exceptions are those that are too bulky and do not reach the brain due to possible micelle formation in the blood or to failure to cross the blood-brain barrier or do not penetrate into the strongly structured cell membrane phospholipids. Toxicity to vital organs precludes the clinical application of the many organic solvents that have anesthetic properties.
When a stretched thin film of elastomers is exposed to vapor of an anesthetic agent, the tension decreases in direct proportion to the concentration of the anesthetics. This property has been used to measure the concentration of halothane vapors in a commercially available instrument (Narkotest, Drager, Telford, PA).
White et al.
(1) studied the elongation offilm strips ofseveral elastomers in response to inhalation anesthetics. They reported that various inhalation anesthetics elongated the membrane to about the same extent at the concentrations that induce the same depth of anesthesia. It was suggested that elastomers behave as an analogue of biological anesthetic receptors.
This linear correlation between anesthetics' actions upon the pure physical properties of elastomers and the biological activities is interesting because simple high pressure is known to counteract the anesthetic actions. In 1942, Johnson et al. (2) reported that the light intensity of luminous bacteria was decreased by anesthetics and that a hydrostatic pressure of 100-150 bars (10-15 MPa) reversed this inhibition. Later, Johnson and Flagler (3) demonstrated that tadpoles that had been anesthetized by ethanol and were staying motionless at the bottom of a pressure chamber instantly started swimming again when hydrostatic pressure of the same magnitude was applied. Miller et al. (4) confirmed these observations by anesthetizing mice with various inhalation anesthetics and pressurizing them with helium gas. This successful demonstration of pressure-anesthetic antagonism in a mammal led to the recognition that pressure is a universal antagonist against general anesthesia.
Here we report the interaction ofan inhalation anesthetic and high pressure upon the elastic properties ofSilastic membranes.
METHODS
The Silastic membrane was a gift from the Department of Material Science (Engineering School, University of Utah). It consisted of95% dimethylsiloxane, 3% phenylmethylsiloxane, and 2% bismethylsiloxane as a cross-linking agent. The membrane was 15 Aum thick, and its density was 0.98 g/cm3. For study the membrane was cut into a strip 5 X 40 mm. One end was mounted on a sliding micromanipulator (Velmex, East Bloomfield, NY) and the other end was mounted on a force-transducer (Nihonkoden, Tokyo). To vary the film tension, the length of the strip was changed by rotating the knob ofthe micromanipulator by a servo-motor; the change in length was measured by a follow-up potentiometer to an accuracy of ± 10 pum.
The whole assembly was built into one block which fit into a 2-liter high-pressure chamber (Autoclave, Erie, PA). The block was also equipped with a small electric fan to ensure complete mixing of the gas in the pressure chamber.
Eight electric leads were wired through the lid of the pressure chamber to the force-transducer, the servo-motor, the potentiometer, and the fan; the pressure chamber was used as a common ground. The outputs ofthe force transducer (Al) and the potentiometer (Al) were recorded on a Hewlett-Packard X-Y recorder (San Diego, CA). The pressure inside the chamber was measured by a transducer with a digital display (Autoclave, Erie, PA) to an accuracy of ± 10 kPa.
Halothane (2-bromo-2-chloro-1, 1, 1-trifluoroethane), an inhalation anesthetic, was a gift from Ayerst (New York) and was vaporized in a copper kettle vaporizer ofan anesthesia machine and diluted with nitrogen gas. The concentration of halothane was estimated from the temperature of the vaporizer and the flows of the carrier nitrogen gas and was confirmed by gas chromatography.
The anesthetic gas was allowed to flow through the pressure chamber at ambient pressure for 20 min, and tension-length curves were obtained after the inlet and the outlet valves were closed. A period of 20 min was found to be sufficient to equilibrate the membrane in the chamber to the anesthetic vapor.
The chamber was pressurized with helium gas through the inlet valve, and the tension-length curves were obtained at desired 3572 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. pressures. All experiments were performed at 250C.
The adsorption of the anesthetic to the polymer was measured by using a Cahn RG electrobalance (Paramount, CA). The whole system was encased in a glassjar, and the weight ofa strip of the polymer membrane was measured to an accuracy of ± 10
Aug. Then the jar was filled with a known concentration of the anesthetetic gas by flowing it through the jar for 20 min and the membrane weight was again measured. The differences in the weights were taken as the weight of the anesthetic adsorbed. The change of the weight due to buoyancy was not corrected for.
RESULTS
The adsorption ofhalothane to the Silastic membrane was readily reversible. The tension-length plot and the weight of the membrane returned to the control value after wash-out with nitrogen gas for 10 min.
Halothane extended the Silastic membrane in a dose-dependent manner. The line (Of/aAl) shifted toward a longer length and the slope of the line decreased when halothane was added (Fig. 1 ). Young's modulus, which is defined as (f/s)/(Al/l) (s is the cross-sectional area of the membrane), decreased linearly with the increase of the partial pressure of halothane (Fig. 3) . The slope was estimated to be 3.7 x 105 N/M2 per kPa ofhalothane. Fig. 4 shows the weight gain ofthe membrane in the presence of halothane. The relative weight gain was proportional to the partial pressure ofhalothane, and the slope was 0.58% per kPa.
The high pressure alone decreased the length of the membrane and increased the slope of the tension-length plot (Fig.  5) . Under film tension of7.82 X 10-2 N, 10.2 MPa helium pressure decreased the membrane length 0.23% in the presence of 5.6 kPa halothane and 0.21% in its absence. At 10. (Wp/W)
-(PIRT) [1] in which w is the weight ofadsorbed anesthetic, p is the density of the polymer, W is the molecular weight of the anesthetic, U is the weight of the polymer strip, P is the partial pressure of the anesthetic in the gas phase, R is the gas constant, and T is the absolute temperature. The polymer/gas partition coefficient of halothane was estimated to be 71. Biophysics: Kamaya et al. an elastomer at pressure P and absolute temperature T is expressed as: dV = (aV/al)TPdl + (aV/aT)1,pdT + (aV/aP)lTdP. [2] When an elastomer is pulled to one direction (X axis) in a threedimensional space, the lengths in the two other directions (Y and Z axes) are shortened according to Poisson's ratio e: dly/ly = dll1z = -ed/l [3] The volume change, AV, due to the extension is: [5]
When 6 is 1/2, the material exhibits complete incompressibility. Actually, however, there is no such material because, if the material is incompressible, the sound velocity of that material becomes infinitely large. In the present study we observed a 0.21% decrease of the membrane length at a pressure of 10.2 MPa under constant membrane tension as shown in Fig.  5 . Because the experiment was performed at Al << 1, the anistropy ofthe elastic constant is neglected and the bulk modulus, K, of the membrane is estimated to be K = P/(-3Al/l) = 1.6 X 109 N/M2.
[6] Because the value of apparent Young's modulus, E, of the membrane is 2.72 X 107 N/M2 in the present study, e is calculated to be close to 1/2 according to the following equation:
[7]
The sound velocity, c, of a Silastic polymer was reported (8) to be 1100 m/sec. By the formula c = (K/p)05 [8] in which p is the density ofthe elastomer (0.98 g/cm3), the bulk modulus of the film, K, is calculated to be 22 K = pc = 1.13 X 109 N/cm2.
[9]
Considering the diversity in the methods of the measurement, the value of the present-study is in an excellent agreement with this value. The difference between the isothermal (Eq. 6) and adiabatic (Eq. 9) volume changes causes negligible differences for the approximate estimation.
In the tension-length diagrams (Figs. 1 and 5 ) the slope of the line (af/aAl) was decreased by halothane. This indicates that Young's modulus decreases in the presence of the anesthetic, and the decrease was estimated to be about 3.7 X 105 N/m2 per kPa halothane (Fig. 3) . High pressure increased the slope ofthe tension-length plot and increased Young's modulus. The increase in Young's modulus was 6% in the absence ofhalothane at 10.2 MPa helium pressure and 8% in the presence of the anesthetic at 5.6 kPa.
The pressure effect to reduce the membrane extension was about 10% larger in the presence of halothane (Fig. 5) [the distance (B <-A) > the distance (B' <-A')]. Because [(la + Al)3
-103]/103l 3(Al/10), when Al << lo the bulk modulus of the membrane was decreased about 30% by the presence of halothane at a partial pressure of 5.6 kPa. The effect on the change of the total length by the adsorption'ofhalothane was less than 2% and was neglected. The decrease of the bulk modulus by the anesthetic at clinically useful tension (5) is estimated to be about 4.6-4.0%. Apparently, these results indicate a change in Poisson's ratio in the presence ofhalothane. Although pressure decreases the length of the Silastic membrane regardless of the presence or absence of the anesthetic, the present study suggests that the effects of pressure and of the anesthetic upon the elastomer may not be completely independent of each other.
The effect ofadsorption ofhalothane to the Silastic membrane was analyzed by the following statistical mechanical model. For simplicity, we take the one-dimensional model ofthe ideal elasticity because the essential feature of the problem is the same ifwe assume a three-dimensional model. Consider a chain polymer that has N segments. Each segment can assume two di- n molecules of halothane gas (n < N) are assumed.to be adsorbed randomly on the segments. The length of the adsorbed segment is assumed to become a', and a' > a. We.take the numbers n, and n. (n * + nl,.. = n) to be the number of adsorbed halothane molecules in the segments of the plus and minus directions, respectively. The number of the allowable configurations, fl2, of the adsorption becomes [25]
[26]
From our experimental data on the adsorption of halothane, the increase ofthe weight ofthe film was 3.25% at the anesthetic -partial pressure of 5.6 kPa. Because the molecular weights of the monomer segment of the Silastic membrane and of halothane are 74.1 and 197.4, respectively, the ratio n/N becomes n/N = (3.25/197.4)/(100/74.1) = 0.0122. [27] Because the ratio of the extension, Al/10, due to the adsorbed halothane is 0.8% at its partial pressure 5.6 kPa, the value of a'/alis estimated from Eqs. 26 and 27 to be a'/a = 1.29 [28] By our model analysis, therefore, the unit segment extends about 29% at a halothane partial pressure of 5.6 kPa, or about 3.94.5% at the clinically relevant partial pressures.
